In the present work, InGaN/GaN multiple quantum wells (MQWs) solar cells with different concentrations of indium have been investigated in-depth. It was demonstrated that applying a mediumhigh indium content (about 28%) does not facilitate solar cell photoelectric conversion efficiency due to the increase of edge dislocations. Moreover, the effects of different indium contents on InGaN/GaN MQWs solar cells were investigated and was revealed, that the short-circuit current density and photoelectric conversion efficiency are improved with the increase of indium contents. However, they show a noticeable reduction in the indium content of 28%. Furthermore, the optical properties and the behaviour of the microstructure defects were analysed. It was also demonstrated that the number of edge dislocations acted as non-radiation recombination centers increasing rapidly when the indium content reaches 28%, playing a key role in decreasing the active number of photon-generated carriers. As a result, the short-circuit current density and photoelectric conversion efficiency decrease obviously for an indium content of 28%. This work can provide insight into the origin of the degradation of these structures and the improvement of device design with medium-high indium contents.
I. INTRODUCTION
InGaN alloys as important semiconductors with appropriate direct bandgap have drawn increasing research interest in multi-junction solar cell, almost completely matching the solar spectrum [1] , with an excellent absorption coefficient (an order of magnitude higher than in the case of GaN-based materials) [2] . Due to this fact, it has a unique natural advantage in manufacturing high photoelectric conversion efficiency solar cell. Nowadays, the effect of many factors on characteristics of InGaN/GaN solar cell have researched, The associate editor coordinating the review of this manuscript and approving it for publication was Jingfeng Song . such as the kind of substrate, crystal quality of GaN buffer layers, barrier thickness, stress, and so on [3] - [7] .
Although the InGaN solar cells can have theoretically higher photoelectric conversion efficiency, most of the reported InGaN solar cells are not efficient enough and far from meeting the needs of practical applications [8] , [9] . The most challenging issue is the lattice-mismatch between GaN and sapphire substrate or GaN and InGaN heterolayers, which can lead to many dislocations [10] - [12] . To reduce these dislocations, patterned sapphire substrates or GaN substrates are used for growing InGaN materials [13] - [15] . However, the fabrication cost of solar cells involving GaN/Si or GaN substrates is significantly higher at the moment comparing VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ to the sapphire substrates. An efficient alternative method can be the application of the InGaN/GaN multiple-quantumwells (MQWs) structures to relieve lattice-mismatches. Better material quality can be obtained when the indium content of InGaN/GaN MQWs solar cell is less than 0.2 [16] . Nevertheless, in the growth of materials with higher indium concentration, due to the more accentuated lattice mismatch between GaN and InGaN layers, more defects (such as phase separation and dislocations) will be generated when release stress derived from lattice mismatch [17] . These factors can have a severe effect on the light absorption and the transport efficiency of photogenerated charge carriers in InGaN/GaN MQWs materials. The influence of the indium component on InGaN/GaN MQWs films or solar cells has been widely investigated in the literature. Lin et al. reported InGaN/GaN MQWs films with different indium contents in the range from 15% to 25% [18] . They found that the density of V-shaped defects can increase with higher indium concentration. Moreover, the effect of the indium component on the performance of InGaN/GaN MQWs solar cells with indium components from 17% to 25% was investigated by Chio et al. [19] . They have reported that the influence of indium content on the short-circuit current density and fill factor is mainly caused by the competition between the tunnelling effect of the carriers and the recombination rate. However, they just provided indirect evidence by calculating using a theoretical approach to evaluate the lifetime of the carrier. In 2017, Liu et al. also investigated the influence of indium component for InGaN/GaN MQWs solar cells with indium concentration of 15.4%, 19.5%, and 21.4% [20] . They have found that the unintentional background doping is higher with the increase of the indium content, reducing in this way the performance of the main device. Based on the data mentioned above, the direct evidence and the fine peculiarities of the effect of indium component on InGaN/GaN MQWs solar cells are still lacking. Therefore, the correlation between the microscopic structure and the photoelectric performance of the solar cell needs to be further investigated.
Taking into account the aspects mentioned above, in the present work, we are focusing on the elucidation of the effect of different indium concentrations in InGaN/GaN MQWs solar cells and deeply analyse the characteristics of the material in order to find the internal physical mechanisms. The current-voltage correlations are measured to present the evaluation of the performance of the device with the variation of indium content. Furthermore, photoluminescence (PL) spectra, Reciprocal Space Mappings (RSMs), transmission electron microscopy (TEM) micrographs, and transmittance curves are measured and analysed to reveal the direct reason of solar cell degradation with medium-high indium components.
II. DEVICE FABRICATION AND MEASUREMENT
The structure of InGaN/GaN MQWs solar cells in the present paper can be seen in Fig. 1 . The InGaN/GaN MQWs materials were formed by metal-organic chemical vapour deposition (MOCVD). In the first step, the 80 nm-thick GaN nucleation layer and a 2.5 µm-thick intrinsic GaN layer was grown on a patterned sapphire substrate (PSS). Based on the intrinsic layer, a 2 µm-thick n-GaN layer was grown at 1220 • C with Si dopant concentration of 1 × 10 19 cm −3 . During the next step, InGaN/GaN (3/9 nm) MQWs with 10 periods and different indium contents (7%, 18% and 28%), were grown, respectively. To get the three indium contents, trimethyl indium (TMIn) was used as the source of indium, and high purity nitrogen was used as the carrier gas. Then the mixture gas (TMIn and nitrogen) were passed through pipeline with a flow rate of 350, 440 and 580 standard cubic centimeter per minute (SCCM) each at 780 • C, 750 • C and 730 • C, respectively. According to the values of the gas mixture (TMIn and nitrogen) flow rate and temperature, the ratio of indium in InGaN/GaN MQWs films can be calculated as about 7%, 18% and 28%. Finally, the 40 nm P-GaN with Mg doping concentration of 1 × 10 19 cm −3 and 40 nm P ++ GaN with Mg doping concentration of 1×10 20 cm −3 were grown at 920 • C and 900 • C, respectively. The p-GaN layer was used for doping to form the p-region. Together with the n-GaN layer, the built-in electric field can be established, which is convenient for the transport of photo-generated carriers. The p ++ GaN layer is used to form an excellent ohmic contact with the metal electrode (Cr/Ni/Au).
During the fabrication process of InGaN/GaN solar cells, the indium-tin-oxide (ITO) was used as a conductive expanding layer with a thickness of 230 nm being deposited on the surface of the wafer. After etching with inductively coupled plasma (ICP), the Cr/Ni/Au (30/13/1200nm) stack metal was formed by electron beam evaporation. Finally, the process of rapid thermal annealing around 20 minutes under a nitrogen atmosphere at 300 • C was applied to form the ohmic contact. Keithley 2400 Source Meter was used to measure the current-voltage characteristics under the condition of the AM 1.5 solar spectrum standard. The PL spectra were measured under excitation with a 325 nm He-Cd laser at room temperature (20 • C). The RSM images were measured using high-resolution X-ray diffraction (HRXRD). The TEM micrographs were also performed to analyse the InGaN/GaN MQWs film using the JEM-2100 Plus analysis system. The transmittance curves were determined by spectroscopic ellipsometry (ESM-300). Table 1 .
III. DISCUSSION AND ANALYSIS
As we already knew, with the increase of indium content, the optical absorption coefficient of InGaN material can be enhanced when is irradiated with AM 1.5 standard sunlight, increasing the electrical conductivity and a decreasing in parallel the shunt resistance. Since the shunt resistance is directly proportional to the open-circuit voltage of the device, the open-circuit voltage V oc also decreases as the indium content increases [21] . The filling factor (FF) reflects the saturation degree of the current-voltage characteristic curve of solar cell under AM 1.5 standard sunlight. As it can be seen in Fig. 2 , the saturation degree decreases as the indium content increases, so the filling factor FF is reduced.
In theory, the photo-generated carriers in the material increase with the increment of indium content since the optical absorption coefficient of InGaN materials are improved. However, for the InGaN/GaN MQWs solar cell with the indium content of 28%, the short-circuit current density (J sc ) and photoelectric conversion efficiency (η) is decreased compared with the device with lower indium content (18%) ( Table 1) . This can indicate, that defects may exist in the indium-rich material and these defects may increase the recombination of photo-generated charge carriers, which can result in an accentuated decrease in the short-circuit current density and photoelectric conversion efficiency of the device [16] , [22] . Therefore, it was necessary to perform a more in-depth investigation about the effect of indium content on InGaN/GaN MQWs material for this decrease behaviour of short-circuit current density and photoelectric conversion efficiency when indium content reaches the value of 28%. Fig. 3 presents the curves of PL spectra for InGaN films with indium contents of 7%, 18%, and 28%. To have a fair comparison of the three samples, the PL spectra were measured under the same light source density and the same measurement conditions. As we can see, a more extensive range of sun spectrum can be absorbed by the film with 18% indium content compare with that for the film with 7%. Moreover, there can be seen a phase separation behavior for the film with the indium content up to 28%. This indicates that the apparent phase separation caused by strain relaxation happened and accentuated with the increase of the indium contents. This phenomenon is in accordance with the reports of indium-rich InGaN materials [18] .
Besides, with the increase of the amount of indium, the intensity of InGaN peak decreases. For the medium-high indium content of 28%, the peak intensity of the film is almost reduced by one order of magnitude compared with that of indium content 7%. This can be attributed to the fact that the number of active photo-generated carriers generated by light excitation decreases when the indium content increases to 28%. This can be explained by the recombination rate of carriers in non-radiative recombination centers during carrier transport. Moreover, the FWHMs (full width at half maximums) of the main peak increases proportional with the increase of indium content, from 10 to 24, and to 50, respectively, when the indium content increases from 7% to 18%, and 28%. This can be attributed to the generation of defects in the InGaN/GaN MQWs films, which can lower the quality of the film in the active region.
Next, the RSM of the asymmetric (105) plane for InGaN/GaN MQWs films were measured by XRD ( Fig. 4) , showing the strain state and the existing defects in the active region. As it can be observed in Fig. 4(a) and Fig. 4(b) , the InGaN/GaN MQWs satellite peaks are all located in the same vertical straight line, indicating that the active region is in full strain state. However, in Fig. 4(c) , the line of InGaN/GaN MQWs satellite peaks deviates from the vertical line, which indicates that strain relaxation exists in the active region. Therefore, compared to the films with lower indium concentrations of 7% and 18%, the strain relaxation and existing defects are visible in the film with the indium component of 28%, concluding that there must be some defects in the InGaN/GaN MQWs films in the samples with the medium-high indium concentration.
In order to further prove the generation and to elucidate the type of defects, the microstructures were analysed by TEM micrographs. The TEM images for InGaN/GaN MQWs films with the indium contents of 7%, 18% and 28% are showed in the Fig. 5(a) , Fig. 5(b) and Fig. 5(c) , respectively, showing the dislocation in the direction of the diffraction vector g= [1120]. In Fig. 5 (b) and Fig. 5(b) , some of the dislocations generate and penetrate through the MQWs, and reach the p-GaN region. Moreover, we can observe that MQWs block some of the dislocations (Fig. 5(b) ). As we can see, the number of dislocations for the devices with 7% indium content is the smallest, and it slightly increases as the indium content reaches 18%. However, the MQW regions of the film with the 28% indium concentration can generate a large number of dislocations and extend to the surfaces (Fig. 5(c) ), indicating that much more dislocations were generated from InGaN/GaN MQWs region for the medium-high indium contents. The physical mechanism can be the following one: the lattice mismatch between InGaN and GaN becomes more severe and larger, generating stress in the structure of the material with medium-high indium concentration. Since the stress derives from lattice mismatch, can be released in the form of dislocations, generating in this way more-and-more dislocations [23] .
Some references are reporting that the dislocations can also play the role of non-radiation recombination centers [24] . For the devices with indium contents of 7% and 18%, the dislocation densities are almost in the same order of magnitude, as indicated in Fig. 5(b) and Fig. 5(b) . However, the 18% indium content device can absorb a broader range of sum spectrum (as illustrated in Fig. 3 ) and produce more photo-generated carriers. Therefore, the device with 18% indium content has a higher short-circuit current density. However, for the device with indium content of 28%, the photo-generated carriers are massively recombined in the MQWs region and p-GaN region, as indicated in Fig. 5(c) , so the effective number of photon-generated carriers arriving at both ends of the p-type and n-type region is highly reduced. This can be the explanation of why the device with indium content of 28% has a low short-circuit current density. Besides, the value of FF is related to the saturation degree of J -V curve. The higher the saturation degree, the larger the value of FF. The saturation degree of J -V curve is mainly related to the shunt resistance of the device. When the indium component is 7%, there are fewer dislocations in the material. The number of recombination centers of carriers is smaller, and the shunt resistance is larger, so the saturation of J -V curve is higher. With the increase of the indium content, the dislocation density in the material increases. The number of recombination centers of carriers is more significant. As the shunt resistance decreases, the saturation of J -V curve is lower (as illustrated in Fig. 2) .
Since the InGaN layer in the InGaN/GaN MQWs structure has the smallest bandgap between the entire structures, the transmission coefficient curve can respond to the light absorptive power of InGaN layer, other layers and defects. In the last instance, the transmission coefficient curves of three different indium content films with two-sided polishing sapphire substrates were measured (Fig. 6 ). It can be observed, when the wavelength is less than 460 nm (i.e., the active region), which is the main photon absorbing region, the transmittance of InGaN film decreases with the increase of indium content. As we already knew, for the active region, only when the incident photon energy hv is no less than the energy gap Eg, i.e., hv > Eg, photons can be absorbed by the InGaN film. For the InGaN/GaN films with indium content of 7%, 18% and 28%, the energy gaps are 3.11 eV, 2.63 eV and 2.38 eV, respectively. The corresponding wavelengths peaks of photons can be observed at 399 nm, 470 nm and 520 nm, respectively. Since the energy gap decreases with the increase of indium contents, the wider wavelength range of photons can be absorbed for higher indium contents, as a result, the transmittance of InGaN film with higher indium contents is lower (Fig. 6) .
When the wavelength is between 520 nm and 730 nm, i.e., the so-called yellow band (YB), the transmittance values of InGaN films with indium content of 7% and 28% are almost the same, and both of them are lower than that for the InGaN films with indium content of 18%. As it is already described in the literature, for the wavelengths of the ''yellow band'', the absorption of photons is primarily affected by Ga vacancies [25] - [27] , carbon impurities, or a complex compounds involving carbon [28] , [29] and edge dislocation density [30] , [31] . Comparing the two cases of 7% and 18% indium contents, since the Ga element of InGaN film is higher for 7% low indium content case, the number of Ga vacancies may be higher, and therefore, the absorption intensity of yellow band is higher than the one observable with 18% indium content. As for the two cases of 18% and 28% indium contents, although from the point view of Ga vacancies, the yellow band absorption intensity of the 18% indium content is higher than that of 28% indium content. However, the number of edge dislocations in the case of the 28% indium concentration is higher than that for 18% indium content, indicated by the TEM images ( Fig. 5 ). Compared to the effect of Ga vacancies, the edge dislocations may play the central role, which causes the higher absorption intensity of yellow band for the 28% high indium content. The evolution of the above-mentioned yellow band curve analysed from the transmittance is consistent with that from the measured PL spectra of InGaN films shown in Fig. 3 .
From the analysis described above, we can conclude that for the low indium contents from 7% to 18%, the MQWs are under complete stress state and high-quality epitaxial conditions indicated from the RSM curves obtained from the XRD measurement. This can drive us to the possibility that the absorbed number of photons is increased with the higher indium concentration since the wavelength range of absorbable light is wider. This behaviour is consistent with the result obtained in the case of 18% indium content, revealing a lower transmittance corresponding to the region 1 of Fig. 5 . As a result, the short-circuit current density J sc and photoelectric conversion efficiency η of the device increased in direct proportion with the increase of indium contents for the low indium concentrations (about below 0.2).
For the medium-high indium contents (about 28%), the short-circuit current densities (J sc ) and photoelectric conversion efficiencies (η) of the device have no longer increased with the increment of indium concentration. That can be attributed to the fact that the number of edge dislocations can increase rapidly compared with the case of 18% indium contents (as indicated from the TEM measurements). Since the edge dislocations can act as the non-radiation recombination centers, these can play the dominant role in decreasing the effective number of photo-generated charge carriers. This is also in concordance with the result obtained for the 28% indium concentration, which has revealed lower transmittance revealed corresponding to the yellow band. Thus, the short-circuit current density (J sc ) and photoelectric conversion efficiency (η) of the device decreases again as the indium content reaches 28%.
IV. SUMMARY AND CONCLUSION
The effect of indium contents on the optical and electrical characteristics of InGaN/GaN MQWs solar cells was investigated, and the behaviour of the InGaN microstructure was also discussed in depth. It was concluded that the short-circuit current density and photoelectric conversion efficiency are improved with the increase of indium concentration just when the indium content is below 18%. However, the results show a reduction when the indium content reaches about 28%. By analysing the defects from TEM micrographs, it can be demonstrated that the number of edge dislocations increases sharply when the indium content is 28%. Since the edge dislocations can play the role of non-radiation recombination centers, the effective number of photon-generated carriers is reduced, arriving at both ends of the P and N regions. This is in correlation with the optical performances obtained from PL spectra and transmittance measurements of InGaN films. Consequently, InGaN/GaN MQWs solar cell with medium-high 28% indium content has a low short-circuit current density and photoelectric conversion efficiency. The results shown in the present research can help to provide an experiment reference for the improvement of InGaN/GaN MQWs solar cells. 
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